The Ca 2؉ release-activated Ca 2؉ channel is a principal regulator of intracellular Ca 2؉ rise, which conducts various biological functions, including immune responses. This channel, involved in store-operated Ca 2؉ influx, is believed to be composed of at least two major components. Orai1 has a putative channel pore and locates in the plasma membrane, and STIM1 is a sensor for luminal Ca 2؉ store depletion in the endoplasmic reticulum membrane. Here we have purified the FLAG-fused Orai1 protein, determined its tetrameric stoichiometry, and reconstructed its three-dimensional structure at 21-Å resolution from 3681 automatically selected particle images, taken with an electron microscope. This first structural depiction of a member of the Orai family shows an elongated teardrop-shape 150 Å in height and 95 Å in width. Antibody decoration and volume estimation from the amino acid sequence indicate that the widest transmembrane domain is located between the round extracellular domain and the tapered cytoplasmic domain. The cytoplasmic length of 100 Å is sufficient for direct association with STIM1. Orifices close to the extracellular and intracellular membrane surfaces of Orai1 seem to connect outside the molecule to large internal cavities.
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Ca
2ϩ is an intracellular second messenger that plays important roles in various physiological functions such as immune response, muscle contraction, neurotransmitter release, and cell proliferation. Intracellular Ca 2ϩ is mainly stored in the endoplasmic reticulum (ER). 2 This ER system is distributed through the cytoplasm from around the nucleus to the cell periphery close to the plasma membrane. In non-excitable cells, the ER releases Ca 2ϩ through the inositol 1,4,5-trisphosphate (IP 3 influx from outside the cell to help in refilling the Ca 2ϩ stores and to continue Ca 2ϩ rise for several minutes in the cytoplasm (1, 2) . This Ca 2ϩ influx was first proposed by Putney (3) and was named store-operated Ca 2ϩ influx. In the immune system, store-operated Ca 2ϩ influx is mainly mediated by the Ca 2ϩ release-activated Ca 2ϩ (CRAC) current, which is a highly Ca 2ϩ -selective inwardly rectified current with low conductance (4, 5) . Pathologically, the loss of CRAC current in T cells causes severe combined immunodeficiency (6) where many Ca 2ϩ signal-dependent gene expressions, including cytokines, are interrupted (7) . Therefore, CRAC current is necessary for T cell functions.
Recently, Orai1 (also called CRACM1) and STIM1 have been physiologically characterized as essential components of the CRAC channel (8 -12) . They are separately located in the plasma membrane and in the ER membrane; co-expression of these proteins presents heterologous CRAC-like currents in various types of cells (10, (13) (14) (15) . Both of them are shown to be expressed ubiquitously in various tissues (16 -18) . STIM1 senses Ca 2ϩ depletion in the ER through its EF hand motif (19) and transmits a signal to Orai1 in the plasma membrane. Although Orai1 is proposed as a regulatory component for some transient receptor potential canonical channels (20, 21) , it is believed from the mutation analyses to be the pore-forming subunit of the CRAC channel (8, (22) (23) (24) . In the steady state, both Orai1 and STIM1 molecules are dispersed in each membrane. When store depletion occurs, STIM1 proteins gather into clusters to form puncta in the ER membrane near the plasma membrane (11, 19) . These clusters then trigger the clustering of Orai1 in the plasma membrane sites opposite the puncta (25, 26) , and CRAC channels are activated (27) .
Orai1 has two homologous genes, Orai2 and Orai3 (8) . They form the Orai family and have in common the four transmembrane (TM) segments with relatively large N and C termini. These termini are demonstrated to be in the cytoplasm, because both N-and C-terminally introduced tags are immunologically detected only in the membrane-permeabilized cells (8, 9) . The subunit stoichiometry of Orai1 is as yet controversial: it is believed to be an oligomer, presumably a dimer or tetramer even in the steady state (16, 28 -30 Despite the accumulation of biochemical and electrophysiological data, structural information about Orai1 is limited due to difficulties in purification and crystallization. In this study, we have purified Orai1 in its tetrameric form and have reconstructed the three-dimensional structure from negatively stained electron microscopic (EM) images.
EXPERIMENTAL PROCEDURES
Expression Constructs and Transfection of Cells-Full-length mouse Orai1 encoding sequence (GenBank TM : NM_175423) was cloned from mouse brain Marathon-Ready cDNA (Clontech, Mountain View, CA) using PCR and was subcloned into pCMV-Tag2B or pCMV-Tag4B vector (Stratagene, La Jolla, CA) to introduce a FLAG tag sequence at the N or C terminus (N-FLAG or C-FLAG Orai1). For functional analysis, Orai1 encoding sequence was also subcloned into pCI-neo (Promega, Madison, WI), and mouse STIM1 encoding sequence was subcloned from pApuro-FLAG-tagged mouse STIM1 (31) into pCI-neo.
HEK293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 100 g/ml kanamycin, and incubated at 37°C in a 5% CO 2 atmosphere. For protein purification, HEK293 cells were transfected with 0.18 g/cm 2 of the N-FLAG Orai1 DNA construct for 6 h using the calcium phosphate precipitation method. After 48 h, the cells were washed twice with a phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.4), harvested with a cell scraper, and collected by centrifuging. Cells were stored at Ϫ80°C for further protein purification. C-FLAG Orai1 proteins were similarly expressed.
Measurement of Intracellular Ca 2ϩ Concentration ([Ca 2ϩ ] i ) Change and Current Recording-HEK293 cells were transfected using SuperFect Transfection Reagent (Qiagen) according to the manufacturer's instructions. The cells were seeded on polylysine-coated coverslips, and were loaded with fura-2 by incubation in Dulbecco's modified Eagle's medium containing 1 M fura-2/AM (Dojindo Laboratories, Kumamoto, Japan), 10% fetal bovine serum, 30 units/ml penicillin, and 30 g/ml streptomycin at 37°C for 40 min. The coverslips were then placed in a perfusion chamber mounted on the stage of the microscope. The fura-2 fluorescence images of the cells were recorded in the HEPES-buffered saline (HBS) (in mM): 107 NaCl, 6 KCl, 1.2 MgSO 4 , 2 CaCl 2 , 1.2 KH 2 PO 4 , 11.5 glucose, 20 HEPES (pH 7.4 adjusted with NaOH) or Ca 2ϩ -free HBS containing 0.5 mM EGTA. The fluorescent images were analyzed with a video image analysis system (AQUACOSMOS, Hamamatsu Photonics, Hamamatsu, Japan). These images were converted to Ca 2ϩ concentrations by in vivo calibration (32) . Thapsigargin (Calbiochem) was diluted to the final concentration (2 M) in Ca 2ϩ -free HBS and applied to the cells by perfusion, as previously described (33) .
Whole cell currents were recorded at room temperature using the conventional whole cell mode of the patch clamp technique (34) with EPC9 amplifier (HEKA, Pfalz, Germany). Voltage ramps of 50-ms duration spanning a range of Ϫ100 to ϩ100 mV were delivered from a holding potential of 0 mV at a rate of 0.5 Hz over a period of 100 -400 s. The recordings were sampled at 2.0 kHz and filtered at 2.9 kHz. The external solutions contained (in mM): 145 NaCl, 2.8 KCl, 10 CsCl, 2 MgCl 2 , 10 CaCl 2 , 10 glucose, 10 HEPES, 10 tetraethylammonium chloride (adjusted to pH 7.2 with NaOH). The pipette solution contained (in mM): 120 CsCl, 8 NaCl, 10 Cs-1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis, 3 MgCl 2 , 10 HEPES, 0.04 IP 3 (adjusted to pH 7.2 with CsOH). All data are expressed as mean Ϯ S.E. The data were accumulated under each condition from at least three independent experiments. The p values are the results of Student's t tests.
Protein Purification-The transfected cells were homogenized with a Potter Teflon homogenizer in Tris-buffered saline (TBS, 20 mM Tris-HCl, pH 7.4 at 4°C, 140 mM NaCl, 0.02% sodium azide) containing a protease inhibitor mixture (Wako Pure Chemicals, Osaka, Japan). All procedures were performed on ice or at 4°C. Cell debris was eliminated from the homogenate by centrifuging at 10,000 ϫ g for 15 min. The supernatant was re-centrifuged at 100,000 ϫ g for 1 h to sediment membrane fractions.
The membrane fraction was solubilized in the same buffer supplemented with 25 mM n-dodecyl ␤-D-maltoside (DDM, Sigma). After centrifuging at 100,000 ϫ g for 30 min, the supernatant containing FLAG-tagged Orai1 was applied to an anti-FLAG M2 affinity gel (Sigma) column, equilibrated in advance. The column was washed with 15 column bed volumes of buffer A (TBS containing 1 mM DDM, 750 mM MgCl 2 , and 5% glycerol) supplemented with the protease inhibitors. The bound Orai1 proteins were eluted with buffer A containing 125 g/ml FLAG peptide (Sigma). The eluate containing Orai1 protein was concentrated 15 times with a Microcon centrifuge filter unit YM-100 (Millipore, Billerica, MA) and further purified by Superdex 200 (3.2/30) size exclusion chromatography (SEC) in a Smartsystem (GE Healthcare) using buffer A. The elution of protein was profiled at 280 nm absorbance and subfractionated into 20-l fractions.
Deglycosylation and Chemical Cross-linking-To remove the N-linked glycan, purified Orai1 protein was treated with 0.08 unit/l of peptidyl N-glycosidase F (PNGase F) at 25°C for 1 h. The deglycosylated Orai1 was then separated from PNGase F using Superdex 200 (3.2/30) SEC.
For chemical cross-linking, the TBS component in the buffer was substituted in advance with phosphate-buffered saline by SEC. Glutaraldehyde was mixed with the Orai1-containing solution to the indicated final concentrations, at 25°C for 30 min. Cross-linking was terminated by incubation with an equal volume of SDS-sample buffer at 25°C for 15 min. Proteins were separated in 3-10% polyacrylamide gel and visualized by silver staining.
SDS-PAGE-Samples were mixed with an SDS-sample buffer containing 62.5 mM Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 0.04 M dithiothreitol, and 0.01% bromphenol blue, and incubated at 25°C for 15 min. Proteins were separated in 10 -20% polyacrylamide gel and visualized by silver staining. For Western blots, proteins were transferred to the polyvinylidene difluoride membrane and analyzed with alkaline phosphatase-labeled anti-FLAG antibodies (Sigma).
Native Gel Electrophoresis-Each sample was mixed with an equal volume of sample buffer (62.5 mM Tris-HCl, pH 6.8, 25% glycerol, and 0.01% bromphenol blue) and electrophoresed in 3-10% polyacrylamide gel using a running buffer containing 25 mM Tris-HCl, pH 8.4, 192 mM glycine, and 1 mM DDM. Electrophoresis was performed at 3.4 V/cm at 4°C. Proteins were visualized by silver staining.
Estimation of Stokes Radius by SEC-High molecular weight standard proteins (GE Healthcare) and purified Orai1 protein were analyzed by Superdex 200 (3.2/30) SEC in a Smartsystem (35) . The elution profile of each protein was obtained at 280 nm. The distribution coefficient (K av ) was calculated from the equa-
where V e is the elution volume of each standard protein or Orai1-detergent complex. Column void volume (V o ) was determined by the elution volume of blue dextran 2000, whereas V t represents the total bed volume (2.40 ml). The Stokes radius (R s ) of Orai1 was determined by interpolation using a calibration curve, which was constructed by plotting the R s of reference proteins versus (Ϫlog K av )
. The Orai1 data are presented as mean Ϯ S.E. The standard proteins used were: thyroglobulin (R s , 85 Å), ferritin (R s , 61 Å), catalase (R s , 52 Å), and aldolase (R s , 48 Å).
Transmission Electron Microscopy-Purified Orai1 proteins were adsorbed to thin carbon films supported by copper mesh grids, which were rendered hydrophilic in advance by glow discharge in low air pressure. Samples were washed with 10 drops of double-distilled water, negatively stained with 2% uranyl acetate solution for 30 s twice, blotted, and dried in air. Micrographs of negatively stained particles were imaged using a JEM-100CX transmission electron microscope (JEOL, Tokyo, Japan) at ϫ52,100 magnification with 100 kV acceleration voltage. Images were recorded on Kodak SO163 electron microscopy film (Eastman Kodak, Rochester, NY), developed with D19 developer (Kodak), and digitized with a Scitex Leafscan 45 scanner (Leaf Systems Inc., Westborough, MA) at a pixel size of 1.92 Å at the specimen level.
Automated Particle Selection and Image Analysis-We have developed a single particle image analysis method using neural network (36 -38) and simulated annealing (39, 40) named SPINNS (41); image analysis was performed using SPINNS and IMAGIC V (42) . Orai1 projections were first picked up using the auto-accumulation method with simulated annealing (SA) (39) . 289 particles in 180 ϫ 180 pixel subframes were selected and used to train a three-layer pyramid-type neural network (NN) (36, 37) . Using the trained NN, 3681 particles were selected. After background subtraction, the particles selected by NN were aligned rotationally and translationally (43, 44) by the reference-free method (37) . The aligned images were sorted into 120 classes by the modified growing neural gas network method (38) . Their class averages were adopted as new references, and this cycle, from alignment to averaging, was repeated 41 times.
The Euler angles of the class averages were automatically determined by the echo-correlated three-dimensional reconstruction method with SA (40) assuming a C4 symmetry, and used to calculate a primary three-dimensional structure by the simultaneous iterative reconstruction technique (45) . The reprojections from the volume were employed as references for multireference alignment, and raw images in the library were aligned and further clustered, providing improved cluster averages. From the averages, a new three-dimensional map was generated by the echo-correlated reconstruction method without a three-dimensional reference.
The three-dimensional map was further refined by projection matching (46) followed by an optimization using echocorrelated reconstruction. This cycle was repeated 19 times. Particle images correlating poorly with the three-dimensional projections were automatically rejected using the cross-correlation function. The final reconstruction includes 2940 particles, 79.9% of all the selected images. The resolution of the final three-dimensional map was assessed using the Fourier shell correlation (FSC) function (47) at the threshold of 0.5.
Formation of the Complexes between Orai1 and Antibody or between Orai1
and Wheat Germ Agglutinin-Anti-FLAG antibodies were added to purified Orai1 proteins in binding buffer (TBS containing 1 mM DDM, 350 mM MgCl 2 , and 5% glycerol) and incubated at 4°C for 20 min. Unbound antibodies were then separated from the Orai1-antibody complex using Superdex 200 (3.2/30) SEC, and the complexes were negatively stained and imaged as described above.
Fab fragments of anti-FLAG antibodies were generated by papain digestion (Pierce) and conjugated with colloidal gold (5 nm in diameter, BB International, Cardiff, UK). Non-reacted Fab fragments were removed using 10 -30% glycerol gradient centrifugation. The Fab-gold conjugates were mixed with purified Orai1 in binding buffer and incubated at 4°C for 20 min. Orai1-Fab-gold complexes were separated from unbound Fabgold by Superose 6 (3.2/30) SEC, negatively stained, and observed by EM.
Wheat germ agglutinin-gold conjugates (EY Laboratories, San Mateo, CA) were mixed with purified Orai1 in binding buffer at 4°C for 1 h. This mixture was applied to an anti-FLAG M2 affinity gel column. The column was washed with 6 column bed volumes of binding buffer. The complexes between Orai1 and wheat germ agglutinin-gold were eluted with FLAG peptide in binding buffer, negatively stained, and observed by EM.
RESULTS

Expression and Purification of Orai1
Protein-Because endogenous Orai1 protein is scarce and not sufficient for purification, we constructed N-terminally FLAG-tagged Orai1 recombinant (N-FLAG Orai1) and expressed it in HEK293 cells. The channel function of wild-type and N-FLAG Orai1 was measured by the fluorescence of fura-2 and by the whole cell current. In comparison to the control experiment, overexpression of wild-type Orai1 reduced cytoplasmic [Ca 2ϩ ] i rises when the store depletion was induced by thapsigargin, an inhibitor of the sarcoendoplasmic reticulum Ca 2ϩ -ATPase pump (Fig. 1A) . The [Ca 2ϩ ] i rises were similarly reduced with the overexpression of N-FLAG Orai1. In contrast, STIM1 co-expressed with wildtype or N-FLAG Orai1 substantially increased [Ca 2ϩ ] i (Fig.  1B) (13, 15) . The whole cell currents in response to IP 3 -induced Ca 2ϩ store depletion were also measured. Co-expression of STIM1 with wild-type or N-FLAG Orai1 generated large currents with typical inwardly rectifying currentvoltage relationships in CRAC current (Fig. 1C) . These results confirm that the N-FLAG Orai1 protein forms a fully functional CRAC channel with STIM1. We also constructed C-terminally FLAG-tagged Orai1 and examined its function in [Ca 2ϩ ] i regulation. We could not find any significant difference in the channel function from either the wild-type or the N-FLAG Orai1 (data not shown).
From the membranes of transiently expressed HEK293 cells, N-FLAG Orai1 proteins were solubilized with nonionic detergent DDM and purified using immunoaffinity chromatography and SEC. The Orai1 proteins bound to FLAG affinity column were competitively eluted with 125 g/ml FLAG peptide. Each fraction was analyzed by SDS-PAGE, followed by silver staining (Fig. 2A) or by Western blotting using anti-FLAG antibody (Fig. 2B) . Orai1 was observed as two broad bands at 36 and 44 kDa ( Fig. 2A, right end lane) , both of which were recognized by anti-FLAG antibodies (Fig. 2B,  right end lane) . The lower band at 36 kDa corresponds to the molecular size of the Orai1 polypeptide 35.3 kDa (33.1 kDa accompanied by an additional 2.2-kDa linker tag), whereas the upper band at 44 kDa seems to represent the glycosylated form (22) . The glycosylated form of Orai1 is dominant. Especially in Western blotting, broad bands of larger than 60 kDa were frequently observed (Fig. 2B, right end lane) . These bands are considered to be aggregations of Orai1 proteins caused by SDS treatment. Contaminants of mostly lower molecular weights, which were not positive in the Western blot, were also observed ( Fig. 2A, right end lane) . To remove them, the eluate from the anti-FLAG column was concentrated using a Microcon YM-100 filter unit and further purified by Superdex 200 SEC (Fig. 2C) . Each fraction was analyzed by SDS-PAGE followed by silver staining (Fig. 2D) .
By measuring UV absorbance at 280 nm, elution of Orai1 protein was monitored during SEC. Orai1 molecules were eluted at 1.04 ml with a shoulder of higher molecular weight (Fig. 2C ). An additional peak at 1.96 ml is an elution of the FLAG peptides used to dissociate proteins from the anti-FLAG column. The Orai1 protein was again detected as two bands in SDS-PAGE (Fig. 2D) , where their intensities basically correspond to the UV profile in SEC. The shoulder at 0.94 ml does not accompany the increase in the density of Orai1 or accumulation of contaminated proteins. Therefore, it is speculated to be absorption due to micelles of lipids derived from the plasma membrane. Both the glycosylated and non-glycosylated subunits are considered to be able to form a functional CRAC channel complex (16) . An aliquot at 1.04-ml elution (Fig. 2C,  arrow) was used for the following analysis and EM.
Chemical Cross-linking and Native PAGE of Orai1-Purified Orai1 was treated with various concentrations of glutaraldehyde and analyzed by SDS-PAGE followed by silver staining (Fig. 3A, left panel) . After cross-linking, the original bands at 36 and 44 kDa were shifted to a broad band of ϳ200 kDa (Fig. 3A,  left panel, fourth lane) , which is similar in size to the tetramer (141-176 kDa). This agrees with the report that the functional Orai1 molecule forms a tetramer (28, 29) . To eliminate glycan, purified Orai1 was treated with PNGase F and analyzed with SDS-PAGE (Fig. 3A, right panel) . After treatment, the intensity of the band at 44 kDa decreased, and the intensity at 36 kDa increased, confirming that the upper band is glycosylated (Fig.  3A, right panel, first lane) . The PNGase F-treated Orai1 was further cross-linked with glutaraldehyde. The size decreased to ϳ170 kDa (Fig. 3A, right panel, fourth lane) , which is ramps from Ϫ100 to ϩ100 mV. Right, average CRAC current densities at Ϫ80 mV in Orai1 plus STIM1 (n ϭ 11), N-FLAG-tagged Orai1 plus STIM1 (n ϭ 9) and control (n ϭ 9) cells. **, p Ͻ 0.01; and ***, p Ͻ 0.001. comparable to the molecular mass of the deglycosylated tetramer (141 kDa).
To estimate the molecular size of Orai1, we performed native PAGE analysis (Fig. 3B) . The Orai1 band was detected between the 440-and 669-kDa standards, and its molecular mass was estimated to be 520 kDa. This is three times larger than the estimation derived from tetrameric amino acid composition, including tag and glycan (176 kDa). Although PNGase F treatment decreased the size to 380 kDa (Fig. 3B, second lane) , it was still much larger than the estimation from the sequence (141 kDa), and larger than the estimation from cross-linking (ϳ170 kDa). This inconsistency in size may be attributed to the bulky three-dimensional structure of Orai1 molecule, as described below.
The hydrated size (Stokes radius, R s ) of Orai1 was further calculated from the elution volume in the SEC, where Orai1 was eluted between ferritin (R s is 61.0 Å, molecular mass is 440 kDa) and thyroglobulin (R s is 85.0 Å, molecular mass is 669 kDa). The distribution coefficient (K av ) of Orai1 was calculated as 0.089 Ϯ 0.004 (mean Ϯ S.E., n ϭ 5), and the R s was determined to be 82.7 Ϯ 1.1 Å from the calibration curve (Fig. 3C) . Considering the small molecular mass estimated from the sequence (141-176 kDa), this result again indicates the bulky nature of the molecule. To assess the contribution of the glycan moiety, purified Orai1 was treated with PNGase F and analyzed by SEC. The R s of deglycosylated Orai1 was 75.0 Ϯ 1.0 Å, slightly smaller than that of glycosylated Orai1. Therefore, the bulkiness of Orai1 is not attributable to glycosylation.
Electron Microscopy and Three-dimensional Reconstruction of Orai1-Purified Orai1 proteins were blotted onto a glowdischarged carbon film supported by a copper mesh grid, negatively stained with 2% uranyl acetate and imaged using an electron microscope. Variously shaped particles of uniform size were observed (Fig. 4A) . Most particles were ellipse-or teardrop-shape, which likely represent side views. Squared particles with round corners were occasionally observed, interpreted to be top views of tetrameric Orai1. The variation in shape is interpreted to reflect different orientations of the same molecule on the grid.
Molecular orientation of Orai1 to the plasma membrane was determined by decorating cytoplasmic N-terminal FLAG tag with anti-FLAG antibody. The Orai1/anti-FLAG antibody complex was negatively stained and observed using EM (Fig.  4B, panels 1-4) . The antibodies attached to the smaller side of Orai1, indicating that this narrower domain locates inside the cell (Fig. 4B, panels 1 and 3) . Orai1 bearing multiple antibodies was frequently observed (Fig. 4B, panels 3 and 4) . This also supports the tetrameric subunit stoichiometry of Orai1, which allows a maximum of four antibody bindings. Antibody binding was more clearly observed using the Fab fragment conjugated with colloidal gold. Gold conjugates were again observed at the smaller side of Orai1 (Fig. 4B, panels 7 and 8) . To assign the location of the C terminus in the molecule, we purified C-FLAG Orai1 proteins and decorated them with anti-FLAG antibodies. The antibodies again bound to the smaller side (Fig. 4B , panels 5 and 6), confirming the C terminus is also located in the narrower domain. Wheat germ agglutinin-gold was also used to assign the extracellular glycan moiety of Orai1 (Fig. 4C, panels  1-4) . Gold conjugates were observed at the larger side, indicating that this domain is extracellular.
The three-dimensional reconstruction was performed using our method SPINNS (36 -41) and IMAGIC V (42) . The projections were obtained by a combination of two automatic pickup programs: the auto-accumulation method using SA (39) and FIGURE 2. Purification of Orai1 protein from transiently expressed HEK293 cells. N-terminally FLAG-tagged Orai1 was solubilized using DDM, then purified with immunoaffinity chromatography followed by SEC. A, SDS-PAGE of aliquots at each step in anti-FLAG affinity chromatography visualized by silver staining, and B, Western blotting using anti-FLAG antibody. Orai1 proteins are demonstrated as glycosylated (indicated as Orai1*, 44 kDa) and unglycosylated (Orai1, 36 kDa) forms. C, SEC profile using Superdex 200 column. The Orai1-rich eluates from the immunoaffinity column were concentrated using the Microcon YM-100 filter unit and analyzed by Superdex 200 SEC. Orai1 was mainly eluted in a peak at 1.04 ml elution (indicated by an arrow). Another peak at 1.96 ml contains FLAG-peptide. D, SDS-PAGE analysis of the SEC fractions, visualized by silver staining. Intensity of the bands of Orai1 in the gel corresponds well to the absorbance in SEC. The peak fraction at 1.04 ml (arrow) was used for electron microscopic analysis.
the three-layer neural network method (36, 37) . The 3681 images selected by the network were aligned rotationally and translationally (43, 44) using the reference-free method (37).
The aligned images were then classified into 120 clusters using the modified growing neural gas network method (38) . Images in each cluster were averaged, and the averages were used as new references. This cycle, from alignment to averaging, was repeated until convergence.
Euler angles of the class averages were determined using the echocorrelated three-dimensional reconstruction method with SA (40) . In this step, C4 symmetry was imposed because tetrameric subunit stoichiometry was indicated by cross-linking experiments and because the top projections and their class average exhibited 4-fold symmetry (Fig.  5A , first and second rows, left end column). Using the angles, a primary three-dimensional density map was calculated by the simultaneous iterative reconstruction technique method (45) . The reprojections from the volume were employed as new references for multireference alignment, and each image in the library was aligned and classified, providing improved cluster averages. A new three-dimensional map was then generated by the echo-correlated method without a three-dimensional reference.
The density map was further refined by the projection matching (46) followed by an optimization using the echo-correlated reconstruction. This cycle was repeated until convergence. The final reconstruction included 2940 particles, 79.9% of all the selected images.
Representative raw images are presented (Fig. 5A, first row) , with their corresponding class averages (second row), and with the surface representations and the projections of the reconstructed three-dimensional structure (third and fourth rows). A high level of consistency was observed in size, shape, and inner structure among these datasets (Fig. 5A) , indicating successful three-dimensional reconstruction from the original particle images. A plot of the Euler angles of the 70 adopted class averages (Fig.  5B) shows that Orai1 is almost randomly oriented on the grid surface. According to the FSC function (47), the resolution at indicated concentrations and separated by SDS-PAGE followed by silver staining. Left, the bands of Orai1 at 36 kDa and 44 kDa were shifted upward to ϳ200 kDa, suggesting glycosylated tetramer formation (44 ϫ 4 ϭ 176 kDa). Right, the deglycosylated band at 36 kDa was also shifted upward by the cross-linking to ϳ170 kDa. B, native gel electrophoresis of Orai1. Purified proteins were separated in native gel and visualized by silver staining. The Orai1 proteins were detected as a broad band at 520 kDa, and shifted downward to 380 kDa after PNGase F treatment. This much larger estimation of the molecular weight may suggest the swollen structure of the Orai1 molecule. C, Stokes radius (R s ) of purified Orai1 calculated from SEC. From the calibration curve obtained from the standards, the R s of glycosylated and deglycosylated Orai1 were calculated to be 82.7 Ϯ 1.1 Å (n ϭ 5) and 75.0 Ϯ 1.0 Å (n ϭ 3), respectively. Standard proteins are thyroglobulin (R s , 85 Å), ferritin (R s , 61 Å), catalase (R s , 52 Å), and aldolase (R s , 48 Å).
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limit is 21 Å by the correlation coefficient Ͼ 0.5 criterion (Fig. 5C) .
Structural Features of the Orai1 Molecule-The surface representation demonstrates that Orai1 is a teardrop-shaped molecule 150 Å in height, 95 Å in side length, and 105 Å diagonally at the widest square-shaped TM region (Fig. 6A) . The cytoplasmic domain, from the widest part of the molecule to the narrow end of the teardrop, extends ϳ100 Å. The three-dimensional map was contoured at an isosurface containing a volume corresponding to 210 kDa assuming a protein density of 1.37 g/cm 3 , which is 149% of the tetrameric Orai1 mass (141 kDa) calculated from the amino acid composition. The putative position of the TM region is indicated by two blue lines 30 Å apart in Fig. 6A, panels 3 and 4 , so that the ratio of each region is close to the prediction derived from the hydropathy plot (i.e. the volumes of TM, extracellular, and cytoplasmic domains are 23, 17, and 60%, respectively, Fig. 7A ).
Between the hemispheric extracellular domain and the tapered cytoplasmic domain, the putative TM region formed a seamless outer shell (Fig. 6, A (panels 3 and 4) and B (panels 4 -7)), which is similar to those of other ion channels such as the sodium channel, the IP 3 receptor, the transient receptor potential channels, and the cystic fibrosis transmembrane conductance regulator channel (35, 48 -51) . Variously shaped orifices are prominent close to the extracellular and intracellular membrane surfaces. Inverted V-shaped orifices 20 Å in height and 28 Å in width are especially conspicuous in the cone-shaped cytoplasmic domain (indicated by a red arrowhead in Fig. 6A, panel 4) .
Sections parallel to the membrane plane demonstrate the internal structure (Fig. 6B) . Both the TM and extracellular domains have a delicate internal structure surrounded by a dense outer shell 20 Å thick (Fig. 6B, panels 1-7) . Cross-sections of this outer shell were square with round corners. The inner structure in the TM region is interpreted as an ion permeation apparatus. This reconstruction is considered to be in the closed state, because STIM1 was not expressed in this system. In contrast, the internal structure of the cytoplasmic domain is less complex and is surrounded by a round-shaped outer shell. In total, the two-layered structure of Orai1 molecule includes a considerable amount of internal water-filled space.
DISCUSSION
In this study, we have purified tetrameric Orai1 and reconstructed the three-dimensional structure at 21-Å resolution, providing the first depiction of a member of the Orai family. The gross dimensions of the reconstruction agree well with the molecular size estimated using SEC or native gel electrophoresis. The two-layered structure is common among some of the transient receptor potential channels, the sodium channel, and the IP 3 receptor (48 -51). However, the inner core in the TM region of Orai1 is smaller than the corresponding cores of six-TM type channels, which may be a major difference between the four-and six-TM types.
In the reconstruction, orifices close to the extracellular and intracellular membrane surfaces are prominent. These orifices connect to internal cavities, and this, together with the twolayered structure, seems to support the hypothesis that Orai1 is a pore component of the CRAC channel. The orifices close to the intracellular membrane surface are considered to be outlets for permeated Ca 2ϩ ions. . In fact, the CRAC channel has very low Ca 2ϩ conductance (5) .
Orai1 dynamically associates with STIM1 to form a functional CRAC channel complex (11, 19, 25, 26, 53) , the Orai1 subcomplex of which is reported to be a homotetramer (28) . However, the subunit stoichiometry of Orai1 alone has not been clearly understood, although several reports suggest Orai1 exists as an oligomer form (16, 30) . The biochemical analysis of purified Orai1 in this study strongly supports the tetrameric nature of Orai1 even when STIM1 is not present; monomeric Orai1 was rarely observed during purification. The relatively tight, continuous surface of the TM domain of Orai1 agrees well with a report that the TM region plays an important role in subunit-subunit interaction (54) .
The signaling pathway from STIM1 to Orai1 is still controversial. Using co-immunoprecipitation analyses, some studies suggest direct coupling between Orai1 and STIM1 (23, 24) , but another does not (16) . The chemically inducible bridge formation technique predicts that the length of the cytoplasmic domain of Orai1 is longer than 8 -9 nm but shorter than 12-14 nm, and that of the cytoplasmic domain of STIM1 is 4 -6 nm (55). Our reconstruction demonstrating the elongated cytoplasmic domain of Orai1 (ϳ10 nm) coincides with the above prediction. In considering the EM study estimating the distance between the plasma membrane and the ER membrane to be 10 -25 nm (27) , the structure presented here seems to support the direct binding of Orai1 with STIM1 (Fig. 7B) , although it does not exclude the possibility that additional adaptor proteins bridge between these two molecules.
The C-terminal coiled-coil motif of Orai1 is shown to be essential in communication with the C-terminal region of STIM1 (residues 233-685) and for the activation of the CRAC channel (54, 56) . The antibody decoration experiment demonstrated that the coiled-coil motif locates near the cytoplasmic end in the Orai1 structure, because the FLAG tag locates near the motif on the amino acid sequence. The N-terminal region (residues 74 -90) of Orai1 is also shown to be important for channel function, but not necessary for interaction with STIM1 (54, 56) . Because this region is three amino acids upstream from the first TM segment on the sequence, it is expected to locate just beneath the membrane.
Herein we have provided the structure of Orai1 alone. To understand the gating and regulation mechanisms as a CRAC channel, the structure of the Orai1-STIM1 molecular complex should be further clarified. A, schematic diagram of N-FLAG Orai1. Orai1 is a highly glycosylated protein with glycan moiety of ϳ8 kDa per subunit. The Orai1 polypeptide has a cytosolic N terminus, four TM segments (yellow columns: S1-S4), and a cytosolic C terminus with a putative coiled-coil sequence (green box) involved in binding with STIM1. The FLAG tag (red box) was introduced in the N terminus. B, illustration of putative docking between Orai1 and STIM1. The three-dimensional reconstruction in this study suggests that the cytoplasmic domain of Orai1 is long enough for direct association with STIM1. STIM1 contains a coiled-coil motif (green box) in the cytoplasm, a single TM segment (yellow column), a sterile ␣ motif domain (purple box), and an EF-hand motif (blue crescent) in the ER lumen.
